Two-dimensional (2D) metallic transition metal dichalcogenides (MTMDCs), the complement of 2D semiconducting TMDCs, have attracted extensive attentions in recent years because of their versatile properties such as superconductivity, charge density wave, and magnetism. To promote the investigations of their fantastic properties and broad applications, the preparation of largearea, high-quality, and thickness-tunable 2D MTMDCs has become a very urgent topic and great efforts have been made. This topical review therefore focuses on the introduction of the recent achievements for the controllable syntheses of 2D MTMDCs (VS 2 , VSe 2 , TaS 2 , TaSe 2 , NbS 2 , NbSe 2 , etc). To begin with, some earlier developed routes such as chemical vapor transport, mechanical/chemical exfoliation, as well as molecular beam epitaxy methods are briefly introduced. Secondly, the scalable chemical vapor deposition methods involved with two sorts of metal-based feedstocks, including transition metal chlorides and transition metal oxidations mixed with alkali halides, are discussed separately. Finally, challenges for the syntheses of highquality 2D MTMDCs are discussed and the future research directions in the related fields are proposed.
Introduction
Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have received considerable research interests in recent years owing to their excellent electrical, optical and mechanical properties, as well as versatile applications in electronics and energy-related fields [1] [2] [3] [4] . This class of materials has a common chemical formula of MX 2 with a layered crystal structure. Each MX 2 layer is composed of one layer of transition-metal atoms M (Mo, W, V, Nb, Ta, Ti, etc) sandwiched between two layers of chalcogen atoms X (S, Se, Te) with covalent bonds [5] [6] [7] [8] [9] [10] . The neighboring MX 2 layers are weakly coupled together by van der Waals interactions.
The electronic structures of TMDCs strongly depend on the coordination environments of M and their d-electron counts. Specifically, two phases with distinct crystal structures have been achieved to show trigonal prismatic coordinated (1H) and octahedral coordinated (1T) phases (figures 1(a), (c) and (d)). The outermost d bands of M, which are located within the gap between the bonding (σ) and antibonding (σ * ) bands of M-X bonds, can split into two
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groups for 1T and 1H phases, respectively [1] . The differences of outermost d-electron counts can induce diverse Fermi level (E F ) locations for the TMDCs from different groups metals ( figure 1(b) ). Depending on different E F locations (within the gaps or bands), their electrical properties are diverse, ranging from semiconducting, semimetallic to intrinsic metallic cases.
Among these, Mo-and W-based group-VIB TMDCs are the best-known prototypes of 2D semiconducting TMDCs (STMDCs), which exhibit tremendous interesting physical properties such as layer-dependent indirect-to-direct band gap transition, valley polarization, and broken symmetry [11] [12] [13] [14] . Such STMDCs have demonstrated versatile applications in electronic/optoelectronic devices and energy conversion fields [15] [16] [17] [18] . In contrast, the V-, Nb-, and Ta-based group-VB TMDCs are typical metallic TMDCs (MTMDCs) possessing rich physical properties (superconductivity, charge density wave (CDW) and magnetism, etc) and diverse applications [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , which have aroused plenty of interests in the fields of solid state physics, chemistry, material science and nanotechnology in recent years.
The preparations of 2D MTMDCs are the key points for the investigations of their fundamental properties and applications [22, 24, 32] . Inspired by the preparations of 2D STMDCs, huge efforts have been devoted to the syntheses of 2D MTMDC nanosheets or films. These strategies can be divided into two broad types: (i) the top-down methods including mechanical and chemical exfoliations; (ii) the bottom-up growth methods, such as chemical vapor deposition (CVD), chemical vapor transport (CVT), and molecular beam epitaxy (MBE).
Several review papers focusing on the physical properties and potential applications of 2D MTMDCs have been published very recently [33] [34] [35] . However, a comprehensive review about the most recent progress on the preparations of 2D MTMDCs is still lacking. In this topic review, we will summarize the recent advances regarding the synthetic routes of 2D MTMDC materials (VS 2 , VSe 2 , TaS 2 , TaSe 2 , NbS 2 , NbSe 2 , etc) [23] [24] [25] [36] [37] [38] [39] [40] [41] [42] [43] , including mechanical/chemical exfoliations, CVT, and MBE. More significantly, we will introduce the state-of-the-art CVD routes used to realize the large-scale growth of 2D MTMDCs, by using different transition metal-based feedstocks including transition metal chlorides (MCl n ) and transition metal oxidations (MO n ) mixed with alkali halides (AH, where A=Na or K, and H=Cl, Br or I). Finally, an outlook of the challenges and future directions for the syntheses of 2D MTMDCs will also be provided.
Syntheses of 2D MTMDCs by the earlier developed methods
The mechanical/chemical exfoliations, CVT and MBE methods have been primarily employed to prepare high-yield or high-quality 2D MTMDCs for exploring some fundamental researches (superconductivity, CDW, magnetism, quantum Griffiths singularity, etc) and for investigating some novel applications (supercapacitors, sensors, etc). These methods will be particularly introduced in this section.
Mechanical/chemical exfoliation routes
Both mechanical exfoliation and chemical exfoliation routes are known as the top-down preparation methods, which take bulk crystals as starting materials, and use mechanical force or chemical intercalation to separate the neighboring layers (figures 2(a) and (d)). The weak van der Waals forces in 2D materials ensure the exfoliation of monolayers from their bulk counterparts by using such top-down methods. In 2005, Novoselov et al first obtained metallic monolayer NbSe 2 flakes from the NbSe 2 bulk by a mechanical exfoliation method using scotch tape (same with the exfoliation of graphene), and observed their high electrical conductivities ( figure 2(b) ) [44] . Using the same method, Xi et al obtained metallic NbSe 2 monolayers and studied their many-body collective-order phase diagrams by optical and electrical transport measurements [45] . The enhanced CDW phase and Ising pairing were also detected in such exfoliated highquality monolayer NbSe 2 , which served as significant clues for realizing the collective phases control and mechanism studies of non-centrosymmetric superconductivity at the 2D limit [6, 45] . Notably, the detection of such important physical issues highly depends on the extra high crystal quality of the mechanically exfoliated samples. Moreover, encapsulation of 2D MTMDCs by hexagonal boron nitride (h-BN) layers is also critical for the device fabrications, considering of their instability under the ambient conditions ( figure 2(c) ). It is generally believed that the mechanically exfoliated 2D MTMDC samples possess the similar high quality with their bulk materials, making them suitable for fundamental researches and device fabrications. However, the mechanical cleavage method is not compatible with the large-area production of 2D TMDCs materials, due to the limited sample size (μm scale) and low production rate.
Alternatively, chemical exfoliation method has been developed for the batch production of 2D MTMDC dispersions and films. In the chemical exfoliation process, external ions or molecules (Li-ion, Li 2 S, tetraheptylammonium bromide, etc) were first inserted into the van der Waals gaps of MX 2 crystals to expand their interlayer distances by an electrochemical method [46] . Then, external mechanical driving forces, including sonication, agitation, shearing, and milling, were introduced to laminate the swelled crystals into 2D MX 2 ( figure 2(d) ). In 2012, Zeng et al reported that fewlayer-thick metallic TaS 2 , NbSe 2 , and TiS 2 with the flake sizes ∼1 μm could be prepared by the electrochemical Li-ion intercalation and sonication-exfoliation method [47] . In the chemical exfoliation process, the utilized intercalation species and the driving forces determine the output of the derived materials. In this regard, great efforts have been made to optimize the intercalation processes and the external driving forces.
In general, by using large bulk crystals with strong tensile strains and gentle driving forces, large-size cleaved 2D MTMDCs can be made by the chemical exfoliation method. Peng et al reported that, through deliberately controlling the lithium content by sealing the crystals with 1.6 M n-BiLi in hexane in a quartz-lined autoclave and keeping it at 100°C from 30 min to 2 h, an gigantic expansion (∼94%) in the Li x MX 2 single crystals (with size ∼l mm) can be realized. Such gigantic expansion enabled the preparation of monolayer TaS 2 , NbSe 2 , and TiSe 2 (milliliter scales, high density suspensions) with unprecedented flake sizes (∼100 μm) within several seconds, only by a gentle manual shaking process (figures 2(e)-(g)) [48] . Moreover, Wu et al reported that, the gigantic interlayer expansion ∼155% can be gained by pretreating the LiTaS 2 crystals in HCl, H 2 SO 4 solutions, etc, since the H + etchant can greatly enlarge the interlayer distances, and thus enable the preparation of metallic TaS 2 monolayers with tens of micrometer sizes [49] . More importantly, micro-supercapacitors made from exfoliated TaS 2 flakes delivered a very large volumetric capacitance (∼508 F cm −3 at the scan rate of 10 mV s ), which demonstrated the promising applications of chemically exfoliated 2D MTMDCs in the energyrelated fields.
In summary, mechanical/chemical exfoliation methods are facile and applicable to extract layered MTMDCs from their bulk crystals. Specifically, the mechanical exfoliation route ensures the generation of high-quality 2D layered samples, while the chemical exfoliation route guarantees the high-yield production. However, many challenges still exist in the chemical intercalation and violent sonication processes, and the derived materials usually suffer from the undesirable phase transition, chemical decomposition, and physical damage, which should be carefully addressed in the future [50] [51] [52] [53] .
CVT
The conventional CVT method has been widely used to grow bulk MTMDC single crystals in the past decades [54, 55] . A typical CVT process starts with sealing the source materials (M or M-based compounds and X) and transport agents (TA: I 2 , Cl 2 , AgCl, etc) in an ampule under the high vacuum condition (upper panel of figure 3 (a)) [54] . Subsequently, the sealed ampule is annealed for a long period with a temperature gradient between the source (high temperature, T 1 ) and the growth region (low temperature, T 2 ). During growth, the transport agents carry the volatile reaction intermediates into the gas phase from the T 1 zone and release them at the T 2 zone, enabling the growth of MTMDC bulk crystals. The relatively long reaction period, rather high growth temperature, and high purity reactants ensure the generation of highquality MTMDC bulk crystals. The synthesized single crystals can be used to prepare high-quality 2D MTMDCs by subsequently mechanical and chemical exfoliation processes. Intriguingly, through modifying the shape of the ampule and growth kinetics, the direct growth of 2D MTMDCs can also be achieved in the CVT growth process.
In 2016, Wang et al developed a modified CVT strategy to directly grow 2D TiSe 2 (with sub-10 nm thickness) on sapphire substrates by adding a neck on the middle of the ampule (lower panel of figure 3 (a)) to increase the diffusion length, while decrease the cross-section area of the diffusion path [42] . Simultaneously, by minimizing the concentrations of the transport agents and reducing the growth temperature, they realized the direct growth of 2D TiSe 2 with thickness down to ∼4.8 nm (figures 3(b), (c)) by the modified CVT method. Moreover, the periodic lattice distortion, featured with a 2×2 superstructure which was related to the CDW phase, was also observed on the as-grown samples by scanning tunneling microscopy (STM) characterizations at 77 K (figures 3(d), (e)). This result again justified the rather high crystal quality of the CVT-derived TiSe 2 flakes, even comparable with the mechanically exfoliated ones. In summary, these modified CVT methods provide new ways to obtain high-quality 2D MTMDCs. However, the sample sizes are still limited by the diameter of the ampules, which strongly limits the high-yield production of the 2D layered materials.
MBE
MBE is also developed as a powerful route to grow high-quality 2D MTMDCs for fundamental researches. Such a technique is usually carried out in the ultrahigh vacuum chamber, and combined with other characterization components, such as STM, x-ray photoelectron spectroscopy, and angle-resolved photoemission spectroscopy. In this regard, the MBE-derived high-quality 2D MTMDCs offer enormous opportunities for onsite investigations of the novel physical properties in the 2D limit, such as superconductivity, CDW, and magnetism.
In recent years, several 2D MTMDC materials have been successfully grown by the MBE method, such as NbSe 2 on graphene, VSe 2 on highly oriented pyrolytic graphite (HOPG), and TiSe 2 on graphene substrates [29, [56] [57] [58] . Especially, Nakata et al reported that, monolayer NbSe 2 with 2H and 1T phases can be selectively synthesized on the epitaxial bilayer graphene substrates by adjusting the growth temperatures from ∼515 to ∼590°C in the MBE system ( figure 4(a) ) [26] .
Benefiting from the high crystallinity of synthesized NbSe 2 , the Mott-insulating phase of monolayer 1T-NbSe 2 with á 13 13 superlattice and the CDW phase of monolayer 2H-NbSe 2 with a 3×3 superlattice were both detected (figures 4(b)-(e)). Xing et al also reported the growth of monolayer 2H-NbSe 2 on bilayer graphene substrates by the MBE method (grown at ∼650°C) (figures 4(f), (g)) [27] . Intriguingly, by employing transport measurements at high magnetic fields and low temperatures, both Ising superconductivity and quantum Griffiths singularity were detected in the MBE-grown NbSe 2 monolayers [27] . Very recently, highquality VSe 2 nanosheets with thicknesses variable from monolayer to tens layers (at the growth rate ∼0.06 monolayer per min) have also been successfully synthesized on HOPG and MoS 2 substrates by Bonilla et al using the MBE method (grown at ∼300°C) [29] . Strong room-temperature ferromagnetism was also observed in the monolayer VSe 2 , revealing that it should be a fantastic room-temperature 2D magnet. Such precise physical property characterizations of MBE-grown 2D MTMDCs benefit from their high quality, high purity, as well as well-defined thickness. However, the scalable synthesis of 2D MTMDCs is difficult through the MBE method, due to its rather long growth period, high cost of the MBE equipment and the precursors, etc.
Syntheses of 2D MTMDCs by the facile CVD methods
The CVD method has been widely adopted to prepare highquality 2D materials such as graphene [59, 60] , h-BN [61, 62] , and STMDCs [63, 64] . This is because the CVD setup can be easily scaled up to get large-area products, and the involved chemical reactions can be strictly controlled through vaporphase chemistry. Very recently, the CVD technique has also demonstrated great promise in the growth of high-quality 2D MTMDCs with large area, large domain size, and controllable phase/thickness [25, 65] . Specifically, two sorts of metal precursors have been widely used to react with chalcogens during the CVD processes: transition metal chlorides, as well as transition metal oxides mixed with alkali halides, respectively. As listed in table 1, the 2D MTMDCs grown by transition metal chloride precursors are usually featured with vertical multilayers, while those grown by transition metal oxidations mixed alkali halides are characterized with lateral monolayers. Besides, the former route usually adopted lower growth-temperature than that of the later one. Considering their different growth behaviors, these two kinds of CVD methods will be separately discussed in this section. The morphology control of the CVD-derived 2D MTMDC nanosheets will also be introduced from the viewpoint of substrate design.
CVD growth of 2D MTMDCs by using transition metal chlorides as precursors
In the CVD growth of STMDCs, metal oxides (MoO 3 , WO 3 , etc) and chalcogens (S, Se, Te, etc) are the primarily used metal and chalcogen feedstocks, respectively [3] . However, the oxides of group-IVB and group-VB transition metals usually present relatively high melting points (VO 2 : 1545°C, V 2 Figure 5 (a) shows a schematic of the typical CVD set-up used in the growth of 2D MTMDCs with MCl n as metal and X as chalcogen precursors (MCl n +X). MCl n and X are sequentially placed in the upstream of the substrate in a tube furnace. After reaching the certain temperature, vaporized MCl n and X species will be transported downstream and reach the substrates, realizing the growth of 2D MTMDCs. The MCl n precursors with high chemical activities can be evaporated at a relatively high rate, thus facilitating the growth of MTMDCs. Accordingly, a plenty of 2D MTMDCs have been synthesized by such CVD strategy, such as VS 2 [36, 37] [24] , and NbS 2 [39] [40] [41] . Notably, the obtained 2D MTMDCs on SiO 2 /Si usually presented a vertical growth behavior, with as-grown nanosheets vertically oriented on the substrate surface ( figure 5(b) ).
In 2013, Ge et al reported that, vertical metallic NbS 2 nanosheets with the thicknesses 20-200 nm can be synthesized on the Si and SiO 2 substrates by using NbCl 5 and S feedstocks via the CVD method [40] . Afterward, Yuan et al and Ji et al presented that, vertical metallic VS 2 nanosheets can also be synthesized on the SiO 2 /Si substrate using VCl 3 and S feedstocks (figures 5(c) and (f)) [36, 37] . The VS 2 nanosheets with the thicknesses 6.7-90 nm were mostly perpendicular to the substrates. Notably, such a vertical growth behavior allowed the formation of VS 2 nanosheets with a large specific-surface-area and a high flake density. Their applications were also demonstrated as high-efficiency catalysts in hydrogen evolution reactions (HER, with the Tafel slope ∼34 mV/decade), and as high-performance electrodes for supercapacitors (specific capacitance ∼8.6×10
, respectively. However, only a small part of nanosheets was positioned parallel to the substrates, possessing lateral sizes of several tens micrometers through the CVD route ( figures 5 (d) , (e), (g), (h)). Such lateral 2D MTMDC flakes can be directly used in the device fabrication process, which increases the practicability of the CVD-derived 2D MTMDCs (synthesized using MCl n +X as precursors) in electronic applications. Nevertheless, the continuous 2D MTMDC films, which are customarily used for developing integrated circuits, are still hard to be achieved through the vertical growth route. Therefore, it is very important to optimize the current CVD route in suppressing the vertical growth mode, while promoting the in-plane growth of 2D MTMDCs.
For the CVD growth, the morphology of production is determined directly or indirectly by all the growth parameters, such as precursor component, precursor heating temperature, flow rate of carrier gas, pressure, substrate type and substrate heating temperature [69] [70] [71] . Specifically, the precursor component and heating temperature can affect the vaporization rate of precursor. The flow rate of gas and pressure determine the precursor transport efficiency. The substrate features (dangling-bond, crystallinity, roughness, etc) and heating temperature play significant roles in the adsorption and diffusion of adatoms on the substrate. All in all, adjusting the above parameters provides great potential to control the morphology of CVD-grown 2D MTMDCs.
Notably, the vertical growth behaviors were also inevitable in the CVD growth of STMDCs (such as HfS 2 , and ReS 2 nanosheets), when using metal precursors (chlorides) possessing low sublimation temperature and utilizing the substrates (e.g. SiO 2 /Si) with high dangling-bond density [67, 68] . The rich dangling bonds and the high surface roughness of the substrate can induce the formation of abundant, randomly oriented nuclei in the initial growth stage. And the oversaturated feedstock supply can lead to the fast growth of those nuclei and thus the vertical morphology of final products [67] . In this regard, the substrate-design and the feedstock-regulation should be essential for suppressing the vertical growth of 2D MTMDCs. The substrate-design strategies will be discussed in this subsection.
In the past decade, the van der Waals epitaxial method has been widely employed to grow various lateral 2D materials, such as monolayer STMDCs, 2D tellurium, and antimonene polygons, in which the dangling-bond-free flats (graphene, h-BN, mica, etc) are used as the epitaxial substrates [72] [73] [74] [75] [76] . Very recently, the van der Waals epitaxial growth model has also been introduced to the growth of 2D metallic MTMDCs [21, 40, 41, 77, 78] . As reported by Ge et al, the transferred graphene was used as the epitaxial substrate to realize the in-plane growth of NbS 2 nanosheets with the thicknesses 20-200 nm by using NbCl 5 and S as precursors in the CVD process [40] . Moreover, Zhao et al and Zhang et al reported that, lateral 2D NbS 2 (with the thicknesses 1.8-3.6 nm) and VSe 2 (with the thicknesses 4.9-90 nm) can be synthesized on the exfoliated h-BN (with NbCl 5 and S as precursors) and mica (with VCl 3 and Se as precursors) substrates, respectively [21, 41] . Notably, the MTMDC nanosheets presented the same lattice symmetry and a small lattice mismatch with the underlying dangling-bondfree substrates, which supported their van der Waals epitaxial growth behaviors (figures 6(a), (d) ). Moreover, the atomically flat substrates ensured small energy barriers for the surface diffusions of precursors, giving rise to the lateral growth of 2D NbS 2 (shown relatively high electrical conductivity up to 10 4 S m −1 ) and VSe 2 nanosheets (shown ultrahigh electrical conductivity up to 10 6 S m −1 ) with high quality. As a result, the as-grown NbS 2 and VSe 2 nanosheets were parallel to the substrate surfaces (figures 6 (b), (c) and (e), (f)) with aligned orientation. Notably, such kind of highly oriented growth was considered as an important method to obtain high-quality 2D films with excellent electrical properties [79] . Such in-plane epitaxial growth behavior was in sharp contrast to the vertical growth of 2D MTMDCs on the dangling-bond-rich SiO 2 /Si substrate. Simultaneously, the thicknesses of the flat 2D MTMDC flakes can also be precisely controlled from several to several tens nanometers, by adjusting the growth conditions (e.g. carrier flow rate) ( figure 6(h) ). In summary, the substrates, which are free of dangling bonds and possess atomically flat surfaces and good lattice matches with the 2D MTMDC overlayers, should serve as perfect platforms to grow flat nanosheets and films. And the thicknesses and orientations of the 2D MTMDC overlayers can also be precisely tuned by virtue of the van der Waals epitaxial growth mode.
Additionally, the geometric morphology of substrates (flat or polyporous) also play a critical role in tuning the growth-behaviors of 2D MTMDCs. The gold foil was widely used as substrates to grow 2D STMDCs and their heterostructures (MoS 2 [80] , WSe 2 [81] , WS 2 [82, 83] , WS 2 /MoS 2 [84] , etc) by the facile CVD method, because of its chemical inertness towards S or Se environments, and the catalytic activity to surface growth, as well as its compatibility with direct application in HER. Very recently, more gold-based substrates have been introduced into the CVD growth of 2D MTMDCs. Shi et al reported that, centimeter-size uniform, ultrathin 2H-TaS 2 films and thickness-tunable metallic 2H-TaS 2 flakes can be synthesized on the flat gold foils (with TaCl 5 and S as precursors) at 750°C (figures 7(a), (b) ) by using low-pressure CVD and ambient-pressure CVD (APCVD) routes, respectively [25] . The 2H-TaS 2 samples with a wide range of thicknesses (from several to several tens nanometers) were served as perfect platforms to detect the thickness-dependent CDW phase transitions. More importantly, the CVD-grown metallic 2H-TaS 2 nanosheets on gold foils were found to be highly efficient electrocatalysts for HER (Tafel slope 33 ∼ 42 mV/decade), even comparable to that of Pt, owing to their abundant active sites concentrated at both edges and basal-planes. More intriguingly, Huan et al demonstrated that, vertically oriented metallic 1T-TaS 2 flakes (with TaCl 5 and S as precursors) with thicknesses variable from ∼10 to 170 nm can be grown on the nanoporous gold (NPG) substrates at a relatively low temperature ∼600°C (figures 7(c)-(e)) by the APCVD method [22] . The corrugated surface and porous structure of the NPG substrate were considered to play important roles in the vertical growth of 1T-TaS 2 flakes. The phase disparity between the lateral and vertical TaS 2 flakes were mainly determined by the different growth temperatures.
In summary, the substrate engineering from flat to highly corrugated morphologies in the CVD growth with typical precursors (MCl n and X) should be reliable to achieve the lateral or vertical growth of 2D MTMDCs, respectively. However, due to the rather high evaporation rate and chemical reactivity of MCl n precursors, the 2D MTMDCs synthesized by such a CVD process were preferred to be multilayers, as shown in table 1 (thicknesses range from 1.8 to 200 nm). In order to obtain monolayer MTMDCs, the CVD method by using MO n -based precursors was subsequently developed [23, 65] .
CVD growth of 2D MTMDCs by using transition metal oxides and alkali halides mixtures as precursors
As mentioned above, most MTMDC materials are difficult to be synthesized by using the traditional CVD method, because of the high melting points or the low evaporation rates of the normally used metal precursors, e.g. metal powders, metal oxides. To resolve this issue, alkali halides were creatively added to the reactants to promote the volatile of the metal precursors. Very recently, transition metal oxides and alkali halides mixtures with chalcogens (MO n +AH+X) have been developed as a brand new recipe for the CVD growth of a wide range of 2D MTMDCs ( figure 8(a) ). The alkali halides were considered as the promoters of the CVD growth process, which can greatly decrease the melting points of MO n and facilitate the formation of intermediate products, and thus increasing the overall reaction rates ( figure 8(b) ).
In 2015, Li et al first adopted the alkali halides-assisted method (with WO 3 +AH+Se/S as precursors) to grow monolayer semiconducting WSe 2 and WS 2 at moderate temperatures (700°C-850°C) [85] . They proposed that, MO n can react with alkali halides to form gas phase metal oxychlorides, which can evaporate at moderate temperatures and promote the growth of 2D STMDCs. Taking the NaCl-assisted CVD growth of WSe 2 as an example, the reaction route is as follows The alkali halides-assisted CVD growth of 2D MTMDCs should also obey such a route. Interestingly, Zhou et al found that, the alkali halides can broadly reduce the melting points of various metals and their oxides, inducing a relatively low growth temperature window 600°C-850°C (figures 8(c), (d)) [65] . This approach was also applied to achieve the CVD syntheses of a 2D TMDCs library, including all the group-VB MTMDCs such as VS 2 , VSe 2 , TaS 2 , TaSe 2 , NbS 2 , and NbSe 2 (figures 8(e)-(g)). Notably, compared with the MCl n +X reacting process, the alkali halides-assisted CVD process presented a slower metal-precursor feeding rate, so that the lateral growth of 2D MTMDCs was realized on SiO 2 substrates. Such high-quality, laterally grown 2D MTMDCs were then utilized to explore extraordinary physical properties. Wang et al discovered the thickness-dependent CDW phase transitions in the as-grown 2D metallic TiSe 2 /SiO 2 [86] . They also found that, the CVD-grown 2D metallic NbSe 2 (with NbO x +NaCl+Se as precursors) flakes on SiO 2 substrates (domain size up to 200 μm) presented robust superconductivity even at the 2D limit of monolayer [23] .
Moreover, such alkali halides-assisted CVD method was also employed to directly grow 2D metal-semiconductor TMDC heterostructures, such as NbS 2 /MoS 2 vertical stacks (one-step growth), NbS 2 -WS 2 and 1T′-2H-MoTe 2 coplanar junctions (two-step growth) [38, 87, 88] , which benefited from the universality of such a method to grow an arbitrary material. The methodology and mechanism of the alkali halides-assisted CVD route have been widely used in several experimental efforts [23, 86, 89, 90] . However, some issues remain unclear and need to be carefully explored, for example, which kind of element inside alkali halides plays a crucial role in the alkali halides-assisted CVD process, and if other kinds of materials can present the same or better effect except for alkali halides?
Compared with other methods, the CVD method has demonstrated its unique advantages in the direct growth of 2D MTMDCs with tunable morphologies (from lateral or vertical), variable thicknesses from several to several tens nanometers, and scalable sample sizes up to centimeter scale. Nevertheless, there are still some challenges need to be resolved in the CVD growth of 2D MTMDCs. Firstly, the wafer-scale growth of 2D MTMDCs should be critical for extending their applications to various fields. Secondly, the direct CVD growth of 2D MTMDCs based heterostructures with other stable 2D materials (such as graphene, h-BN) should be an important topic, which can effectively realize the encapsulation of 2D MTMDCs and greatly improve their device performances. Furthermore, the direct integration of metal-semiconductor TMDC heterostructures should be a significant direction for constructing high-performance 2D electronics.
Summary and outlook
This topic review provides a comprehensive introduction of the recent progress on the preparations of 2D MTMDCs via the mechanical/chemical exfoliation, MBE, CVT and CVD routes. The specific synthetic conditions and the morphology evolutions of the derived materials, as well as the growth mechanisms have been comprehensively summarized and compared. Mechanical exfoliation and MBE-derived samples have attracted broad interests due to their rather high crystal quality, which can be utilized to explore some intrinsic/novel physical properties of such MTMDC materials at the 2D limit. However, the relatively small sample size and the quite low production efficiency strongly hinder the related investigations from fundamental researches to wide-range applications. As for the scalable chemical exfoliation method, further improving the crystal quality of 2D MTMDCs should be the primary task, which should contribute to expand their applications from energy-related aspects to other fields. In this regard, the CVD approach offers the greatest opportunity to realize the scalable syntheses of high-quality 2D MTMDCs.
Notably, more in-depth investigations regarding the scalable preparations and fundamental property explorations of 2D MTMDCs, especially at the monolayer level, are still in the infancy stage. Firstly, the MTMDC monolayers usually present less stability under the ambient conditions than STMDC monolayers, which definitely hinders the explorations of their intrinsic properties. Alternatively, the MTMDC monolayers encapsulated by h-BN layers have demonstrated considerable stability, and the direct integration of MTMDCs with h-BN (as substrates and capping layers) are highly desired. Secondly, a specific MTMDC material usually possesses multiple phases presenting distinct properties. Strictly controlling the phase states, or transforming their phases from one to another are still challenging and some effective routes should be developed. Moreover, the fantastic physical properties of 2D MTMDCs (superconductivity, CDW, magnetism etc) are inaccessible in our daily life. In order to catch broader interests from the society, some accessible applications based on such 2D MTMDC materials should be discovered or developed, such as the energy storage devices, sensors, displays.
